Neuroimaging studies have consistently indicated that semantic processing involves a brain network consisting of multimodal cortical regions distributed in the frontal, parietal, and temporal lobes. However, little is known about how semantic information is organized and processed within the network. Some recent studies have indicated that sensorymotor semantic information modulates the activation of this network. Other studies have indicated that this network responds more to social semantic information than to other information. Using fMRI, we collectively investigated the brain activations evoked by social and sensory-motor semantic information by manipulating the sociality and imageability of verbs in a word comprehension task. We detected 2 subgroups of brain regions within the network showing sociality and imageability effects, respectively. The 2 subgroups of regions are distinct but overlap in bilateral angular gyri and adjacent middle temporal gyri. A follow-up analysis of resting-state functional connectivity showed that dissociation of the 2 subgroups of regions is partially associated with their intrinsic functional connectivity differences. Additionally, an interaction effect of sociality and imageability was observed in the left anterior temporal lobe. Our findings indicate that the multimodal cortical semantic network has fine subdivisions that process and integrate social and sensory-motor semantic information.
Introduction
Neuroimaging studies have indicated that a brain network consisting of multimodal cortical areas is involved in semantic processing (Ferstl et al. 2008; Binder et al. 2009 ). The network includes but is not limited to the temporoparietal junction (TPJ), angular gyrus (AG), middle temporal gyrus (MTG), ventromedial temporal cortex (VMTC), posterior cingulate gyrus (PC) and adjacent precuneus, dorsomedial prefrontal cortex (DMPFC), ventromedial prefrontal cortex, and inferior frontal gyrus (IFG). This multimodal cortical semantic network is activated in various domains of cognitive processes requiring semantic retrieval, such as language comprehension, theory of mind (ToM), autobiographical memory, and prospection (Binder et al. 2009; Spreng et al. 2009; Mar 2011) , and is often referred to as a "general semantic network" (Binder et al. 2009 ). However, increasing evidence indicates that the multimodal cortical semantic network organizes semantic information along particular dimensions and may have fine divisions to process different types of semantic information.
One line of studies has indicated that sensory-motor semantic information modulates the activation of the multimodal cortical semantic network. Brain activation evoked by sensory-motor semantic information was initially observed within sensory and motor systems (Martin et al. 1995) . Early evidence indicating that sensory-motor semantic information also modulates the activation of multimodal cortical semantic network came from the observation that several areas of the network, including the superior frontal gyrus (SFG) and adjacent middle frontal gyrus (MFG), PC/precuneus, AG, and VMTC, respond more to highimageability nouns, which are assumed to be rich in sensorymotor information, than to low-imageability nouns (Jessen et al. 2000; Binder et al. 2005; Sabsevitz et al. 2005; Fliessbach et al. 2006; Graves et al. 2010) . A recent study (Fernandino et al. 2016a) provided more direct and detailed evidence about how sensorymotor semantic information is processed within the multimodal cortical semantic network. The authors collected the brain activation patterns, as well as salience ratings in terms of 5 sensorymotor semantic attributes, that is, color, shape, visual motion, sound, and manipulation, for a set of 900 English nouns. It was found that the ratings of the sensory-motor semantic attributes parametrically modulated brain activations in the multimodal cortical semantic network in a hierarchical fashion: the peripheral regions of the network, which have more direct connections to the sensory-motor systems, were sensitive to one or some of the attributes; the core regions, whose distributions are largely consistent with those showing imageability effect in previous studies, were associated with all of the 5 attributes. In addition, 2 followup studies further showed that the ratings of the 5 sensory-motor attributes could be used to predict brain activations evoked by individual concepts, even when the analysis was restricted to the multimodal cortical semantic network (Fernandino et al. 2015 (Fernandino et al. , 2016b . Based on these findings, Fernandino et al. (2016a Fernandino et al. ( , 2016b proposed that the multimodal cortical semantic network represents semantic information as multimodal combinations of sensory and motor representations.
Another line of studies has indicated that social semantic information modulates the activation of the multimodal cortical semantic network. A group of regions within the multimodal cortical semantic network, including the TPJ/AG, DMPFC, PC/ precuneus, and anterior superior temporal sulcus (ASTS), have been found to be involved in social cognition tasks, especially those requiring thinking of other people's thought (Gallagher et al. 2000; Saxe and Kanwisher 2003; Mar 2011; Schurz et al. 2014) . These regions are often collectively referred to as the ToM network. Several studies of word comprehension have found that words describing human characteristics and behaviors evoke stronger activation in the ToM network than those denoting nonhuman concepts do (Mitchell et al. 2002; Zahn et al. 2007; Contreras et al. 2012; Binney et al. 2016) . Recently, Lin et al. (2015) further demonstrated that the ToM network is more sensitive to semantic attributes associated with social interactions between people than to non-social human attributes. In that study, Lin et al. (2015) compared brain activations evoked by verbs that refer to social actions of humans (e.g., "embrace"), private actions of humans (e.g., "walk"), and nonhuman events (e.g., "burn") in a semantic relatedness judgment task. It was found that all classic regions of the ToM network showed much stronger activations to social action verbs than the other 2 types of verbs. Therefore, Lin et al. (2015) proposed that the ToM network supports processing of semantic information associated with social interactions.
According to the above 2 lines of studies, the brain regions supporting sensory-motor semantic information and those supporting social semantic information may overlap with each other, especially in the AG and PC/precuneus. However, because the previous studies have not simultaneously considered sensory-motor and sociality effects, the observation of one effect may actually reflect the confounding of the other; or the 2 effects may counteract or override each other, leading to inconsistent results. Confusion between sensory-motor and sociality effects may explain the inconsistent findings about the verb imageability effect in the AG and PC/precuneus. Although the imageability effect in the AG and PC/precuneus was frequently observed in studies using nouns as stimuli (Jessen et al. 2000; Binder et al. 2005; Sabsevitz et al. 2005; Fliessbach et al. 2006; Graves et al. 2010) , most studies using verbs as stimuli did not find such effect (Perani et al. 1999; Grossman et al. 2002; Raposo et al. 2009; Rodriguez-Ferreiro et al. 2011) or only partially replicated it (Bedny and Thompson-Schill 2006; van Dam et al. 2010) . Some studies even found a reverse imageability effect (highimageability verb < low-imageability verb) in the AG and/or PC/ precuneus (Tettamanti et al. 2005; Pexman et al. 2007) . A recent study (Spunt et al. 2016) focused on the level of conceptual abstraction (LOA) of verb phrases, which has a high correlation with imageability (r = −0.97 as reported in Spunt et al. (2016) ). The study found that the high LOA (low-imageability) phrases (e.g., "contact a friend") evoked stronger activations than low LOA (high-imageability) phases (e.g., "make a phone call") in all classic regions of the ToM network, including the TPJ/AG and PC/precuneus. We translated the stimuli used by Spunt et al. (2016) into Chinese and asked 16 participants (with 13 females) to rate them on a 5-point scale considering how often these stimuli involve interactions between people (5 = "always," 4 = "typically but not necessarily," 3 = "sometimes," 2 = "rarely," and 1 = "never"). The sociality ratings of the stimuli showed a strong correlation (r = 0.53) with the LOA ratings provided by Spunt et al. (2016) , indicating that there might be confusion between LOA/imageability and sociality effects. Therefore, to obtain reliable effects of sociality and imageability, the 2 effects need to be re-examined by controlling for each other.
Another question is where and how the brain regions supporting sensory-motor semantics and those supporting social semantics "communicate" with each other. Based on existing evidence, although these 2 sets of brain regions may overlap with each other in the AG and PC/precuneus, they should be at least partially distinct from each other (Binder et al. 2016; Huth et al. 2016) . Therefore, the multimodal cortical semantic network contains at least 2 subsystems: one processes sensorymotor semantic information and the other processes social semantic information. These 2 subsystems should have some connectors to "communicate" with each other, allowing the semantic network to integrate and unify sensory-motor and social semantics. Based on existing evidence from task fMRI studies, the AG and PC/precuneus, where both types of effects have been observed to date Sabsevitz et al. 2005; Graves et al. 2010; Lin et al. 2015) , could be the candidate regions. The findings of a recent study (Xu et al. 2016) provide another clue to this question. The study found that, according to resting-state functional connectivity (RSFC), the multimodal semantic network can be divided into 3 subnetworks: 2 of them largely correspond to the brain regions showing imageability and sociality effects, with 1 containing AG, PC/precuneus, VMTC, and SFG/MFG and the other containing TPJ/AG, ASTS, and DMPFC. The connector nodes of these 2 subnetworks were found in the AG, ASTS, and SFG. Thus, the 2 lines of evidence collectively indicated AG as the candidate region connecting the sensory-motor and social semantic subsystems.
To tease apart sociality and imageability effects and to explore the connectors between the sensory-motor and social semantic subsystems, the brain activations evoked by social and sensory-motor semantic information need to be collectively examined in a single experiment. To this end, we conducted a functional magnetic resonance imaging (fMRI) study in which we manipulated the sociality and imageability of verbs and investigated how these 2 factors modulate brain activation in a semantic relatedness judgment task.
Materials and Methods

Participants
A total of 19 healthy undergraduate and graduate students (10 females) participated in the fMRI experiment. The average age of the participants was 23.5 years (SD = 2.7 years). All participants were right-handed and were native Chinese speakers. The participants neither suffered from psychiatric or neurological disorders nor had ever sustained head injury. Prior to the experiment, each participant read and signed an informed consent form issued by the Institutional Review Board of the Magnetic Resonance Imaging Research Center, the Institute of Psychology of the Chinese Academy of Science.
Procedure
The main experiment contained 4 conditions, namely, the high-sociality and high-imageability condition (HSHI; e.g., "embrace"), the high-sociality and low-imageability condition (HSLI; e.g., "trust"), the low-sociality and high-imageability condition (LSHI; e.g., "walk"), and the low-sociality and lowimageability condition (LSLI; e.g., "infer"). Two prior rating experiments were conducted with additional participants to obtain the sociality and imageability ratings of 370 Chinese verbs. In the sociality rating experiment, 16 participants (10 females) were asked to classify verbs on a 5-point scale according to how often an event that a verb refers to involves interaction between people (5 = "always," 4 = "typically but not necessarily," 3 = "sometimes," 2 = "rarely," and 1 = "never"). In the imageability rating experiment, another group of 16 participants (11 females) were asked to rate on a 5-point scale the extent to which the meaning of a verb brought to mind an image (5 = "very high" and 1 = "very low"). In both rating experiments, inter-rater reliability (Shrout and Fleiss 1979) On the basis of participant ratings, 240 verbs were then selected as materials (60 per condition). The ratings of the 4 conditions are presented in Table 1 . The HSHI, HSLI, LSHI, and LSLI conditions scored 4.28 (SD = 0.54), 4.19 (SD = 0.35), 2.14 (SD = 0.51), and 2.22 (SD = 0.38) points of sociality, respectively. The sociality ratings were significantly different between the highsociality and low-sociality conditions (ts [118] > 22; Ps < 0.001) and were matched between the HSHI and HSLI conditions and between the LSHI and LSLI conditions (ts [118] < 1). The HSHI, HSLI, LSHI, and LSLI conditions scored 4.12 (SD = 0.44), 1.93 (SD = 0.42), 4.16 (SD = 0.46), and 1.86 (SD = 0.38) points of imageability, respectively. The imageability ratings were significantly different between the high-imageability and low-imageability conditions (ts [118] > 27; Ps < 0.001) and were matched between the HSHI and LSHI conditions and between the HSLI and LSLI conditions (ts [118] < 1). All of the 240 verbs are 2-character and disyllabic Chinese words. The word frequency obtained from the Language Corpus System of Modern Chinese Studies (Sun et al. 1997) Considering that semantic ambiguity of a word's meaning is an important factor affecting lexical process (Millis and Button 1989; Azuma and Van Orden 1997; Rodd et al. 2002; Shen and Li 2016) , we inspected the numbers of homonymous and polysemous words in our materials on the basis of the Contemporary Chinese Dictionary (Chinese Academy of Sciences 2005). The materials contain no homonymous words and 49 polysemous words. The proportions of polysemous words were low and similar across conditions (HSHI = 15/60; HSLI = 10/60; LSHI = 12/60; and LSLI = 12/60; χ 2 s < 1.264, Ps > 0.261). Therefore, the semantic ambiguity effect should be small and similar across conditions and thus should not confound our results. The 240 verbs were then used to constitute 240 different verb pairs. Each verb appeared twice in the experiment and was paired with different verbs. The paired verbs were always from the same condition. The main fMRI experiment employed an event-related design with 4 runs of 6 min 10 s each. Each run included 15 trials for each condition. The first 10 s of each run was a fixation. We used a semantic relatedness judgment task in which participants saw a pair of verbs and were asked to indicate whether these verbs were strongly related in meaning by pressing buttons. In each trial, the verbs appeared for 3 s, followed by a jitter fixation of at least 1 s. The order of trials and the length of jitter fixations were optimized using optseq software (http://surfer.nmr.mgh.harvard.edu/optseq/) and were counterbalanced across runs and participants.
In addition to the main fMRI experiment, a ToM localizer experiment was also conducted to investigate whether the brain regions showing sociality effect overlap with the classic ToM network. The task was adapted from the publicly available false-belief localizer (Dodell-Feder et al. 2011) . It included 10 belief stories and 10 photo stories, all of which described an outdated representation (a false belief or a false photo/picture). We translated the stories into Chinese and made a few modifications to adapt to the cultural differences (e.g., changing the English names into Chinese names) and to match the length and sentence numbers between the 2 conditions. Each story was presented for 10 s, followed by a true/false question 2.14 ± 0.51 4.16 ± 0.46 2 ± 0 2 ± 0 11.5 ± 13.9 12/60 LSLI 推断 (infer) 2.22 ± 0.38 1.86 ± 0.38 2 ± 0 2 ± 0 10.9 ± 13.8 12/60
Note. The sociality, imageability, word length, syllable length, and word frequency were presented in form of mean ± standard deviation.
(presented for 4 s) and a 12 s fixation. The stories were presented sentence by sentence. Within a story, the presentation time of each sentence was linearly dependent to its length. All stories were presented within a single run lasting 8 min 50 s, with the first 10 s of the run being a fixation.
Data Acquisition and Preprocessing
Structural and functional data were collected with a GE Discovery MR750 3 T scanner at the Magnetic Resonance Imaging Research Center, the Institute of Psychology of the Chinese Academy of Science. T1-weighted structural images were collected in 176 sagittal slices with 1.0 mm isotropic voxels. For the tasks, functional blood-oxygenation-level-dependent data were obtained in 3.0 mm isotropic voxels (TR = 2 s; TE = 30 ms) in 42 near-axial slices. Before the tasks were performed, resting-state fMRI data were collected for all but one participants, which were obtained in 3.4 mm × 3.4 mm × 4 mm voxels (TR = 2 s; TE = 30 ms) in 35 axial slices. The fMRI data were preprocessed using the Statistical Parametric Mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/ spm/) and the advanced edition of DPARSF V2.3 (Yan and Zang 2010) . For both the main and localizer tasks, the first 5 volumes (10 s) of each functional run were discarded for signal equilibrium. Slicing timing and 3-D head motion correction were then performed, and a mean functional image was obtained for each participant. The structural image of each participant was coregistered to the mean functional image and subsequently segmented using the unified segmentation VBM module (Ashburner and Friston 2005) implemented in DPARSFA. The parameters obtained during segmentation were used to normalize the functional images of each participant onto the Montreal Neurological Institute space. The functional images were then spatially smoothed using a 6 mm FWHM Gaussian kernel.
For preprocessing of resting-state fMRI data, the first 10 volumes (20 s) were discarded, followed by steps that were similar to those of the task fMRI data, except that the effects of nuisance variables, including 6 rigid head motion parameters, white matter signal, and cerebrospinal fluid signal, were regressed from the functional images before spatial normalization. The data of one participant was discarded because of excessive head movement (>2.0 mm or 2.0°in any direction). After those steps, linear trends were removed and the images were 0.01-0.1 Hz band-pass filtered to reduce the effects of lowfrequency drifts and high-frequency noise.
Data Analysis
Statistical analyses on the task fMRI data were conducted according to 2-level, mixed-effects models implemented in SPM8. For the main task, at the first level, a general linear model was applied to explore the fixed effect of each participant. The 4 conditions (HSHI, HSLI, LSHI, and LSLI) were set as covariates of interest and the onset of each trial was modeled as an event with duration of 0 s. Six head motion parameters, which were obtained by head motion correction, were included as nuisance regressors. Considering that the effect of RT has been found to be a strong confounding factor in cognitive neuroimaging studies (Yarkoni et al. 2009 ), the effect of RT was also included as a nuisance covariate, which was constructed by modulating the amplitude of the predicted neural response for each trial of interest by the demeaned RT value. A supplemental analysis in which the effect of RT was not removed was also conducted for comprehensive inspection. Time series data were subjected to a high-pass filter (128 Hz). After the estimation of model parameters, participant-specific statistical maps were generated and entered into a second-level, randomeffects analysis, in which a flexible factorial design was applied to accommodate a 2 × 2 within-subject design. The main effects, that is, sociality and imageability effects, and their interaction were examined. A whole-brain conjunction analysis was further conducted to locate regions sensitive to both of the 2 main effects (Nichols et al. 2005) .
For the localizer experiment, at the first level, the 2 conditions ("belief" and "photo") were set as covariates of interest, and each trial was modeled as a block with a boxcar lasting 14 s from the onset of the story presentation to the end of the question presentation. Six head motion parameters were included as nuisance regressors and time series data were subjected to a high-pass filter (128 Hz). After the model parameters were estimated, a contrast between the 2 conditions ("belief" and "photo") was generated and computed for every participant. At the second level, the contrast image of each participant ("belief" vs. "photo") was entered into a one-sample t test.
For both the main and localizer tasks, the false positive rate was controlled at α < 0.05 (with the individual voxel threshold probability setting of P < 0.001) using a Monte Carlo simulation program (which is similar to the AlphaSim in AFNI) implemented in DPABI V2.1 (Yan et al. 2016) . Considering recent concerns regarding clusterwise multiple comparison correction (Eklund et al. 2016) , we further inspected the significance of the peak voxels of the emerged clusters by using voxelwise FWE correction implemented in SPM8, which served as a supplementary and conservative method of multiple comparison correction. The results were shown using the Brainnet Viewer software (Xia et al. 2013) .
After identifying the brain regions showing sociality and imageability effects, we performed 3 follow-up analyses to investigate their network properties. In the first analysis, we examined whether the brain regions showing sociality effect in the main task overlapped with the classic ToM network. To this end, we defined the results ("belief" > "photo") of the ToM localizer experiment as a mask. Then, for each cluster showing sociality effect in the main experiment, we calculated the proportion of its voxels that overlapped with the ToM mask. We expected that, if the brain regions showing sociality effect corresponded to the classic ToM network, then they should highly overlap with the ToM mask.
In the second analysis, we investigated whether the dissociation between the 2 groups of brain regions follows the divides of the 7 intrinsic large-scale brain networks identified by Yeo et al. (2011) . The 7 intrinsic large-scale brain networks were obtained based on 1000 healthy young participants. These intrinsic largescale brain networks were proposed to support different basic cognitive processes. Therefore, if the dissociation between sociality and imageability effects follows the divides of these networks, it would indicate that the 2 effects may be associated with different basic cognitive processes. For example, we observed sociality and imageability effects in the AG/MTG, with the sociality effect being anterior to the imageability effect. If the dissociation of the 2 effects follows the divides between the ventral-attention network and the default-mode network in this region, then the 2 effects may be associated with bottom-up attention and episodic memory, respectively (Hutchinson et al. 2009 (Hutchinson et al. , 2014 Uddin et al. 2010; Mars et al. 2011; Nelson et al. 2012) . To examine this possibility, for each cluster showing sociality or imageability effect, we calculated the numbers of voxels that overlapped with the templates of the 7 intrinsic brain networks (Yeo et al. 2011) . Our expectation was that, if the dissociation between the 2 groups of brain regions is associated with the functional differences between the 7 intrinsic brain networks, then they should have highly distinct distributions in these networks.
In the third analysis, we defined the clusters showing sociality and imageability effects as regions of interest (ROIs) and investigated whether the functional association and dissociation between the ROIs are associated with the RSFC between them. The RSFC analysis was conducted using the Restingstate fMRI Data Analysis Toolkit (REST version 1.8; http://www. restfmri.net) (Song et al. 2011) . For each participant, the mean time series of each ROI was calculated and correlated with each other. For visualization purposes, we created a matrix to show the average RSFC between each pair of ROIs across subjects. The correlation coefficient between each pair of ROIs was Fisher-transformed and averaged across subjects (the Fisher transform decreases the bias in averaging; Silver and Dunlap 1987) and was then inverse Fisher transformed and presented in the matrix.
We performed 2 sets of comparisons to examine the network properties of these ROIs. The statistical analyses were performed by using within-subject t-tests, in which the correlation coefficients were Fisher-transformed to improve normality. In the first set of comparisons, we examined whether the dissociation between the 2 groups of ROIs (sociality-ROIs and imageability-ROIs) is associated with their intrinsic functional connectivity properties. To this end, we compared the average RSFC (Fisher-transformed correlation coefficient) within each group of ROIs with the average RSFC across the 2 groups of ROIs. Our expectation was that, if the 2 groups of ROIs correspond to 2 intrinsic brain networks, then the average RSFC within each group of ROIs should be stronger than the average RSFC across the 2 groups.
Because the regions showing sociality effect and the regions showing imageability effect were adjacent and partially overlapped each other in the AG/MTG and PC/precuneus, we conducted a second set of comparisons to examine whether the functional dissociation between the adjacent areas in the AG/ MTG and PC/precuneus is associated with their intrinsic functional connectivity to the other brain regions. To this end, the ROIs were classified into 4 groups: the sociality-and imageabilityROIs that partially overlapped each other were classified as "connector sociality-ROIs" and "connector imageability-ROIs"; the other sociality-and imageability-ROIs were classified as "provincial sociality-ROIs" and "provincial imageability-ROIs." We expected that, if the dissociation between the 2 groups of connector ROIs is associated with their intrinsic functional connectivity to the provincial ROIs, then the provincial sociality-ROIs should show stronger RSFC to the connector sociality-ROIs than to connector imageability-ROIs and the provincial imageabilityROIs should show stronger RSFC to connector imageability-ROIs than to connector sociality-ROIs.
Results
Behavioral Results
The participants judged the semantic relatedness (strong/ weak) of pairs of words by pressing buttons. The mean RTs of the HSHI, HSLI, LSHI, and LSLI conditions were 1488 ms (SD = 205 ms), 1587 ms (SD = 222 ms), 1442 ms (SD = 205 ms), and 1568 ms (SD = 219 ms), respectively. The main effects of sociality and imageability on RTs were statistically significant (sociality: F 1,19 = 5.41, P = 0.033, high > low; imageability: F 1,19 = 68.16, P < 0.001, high < low), but the "sociality × imageability" interaction was not (F 1,19 < 1). Meanwhile, the mean semantic relatedness ratings (strong = 1/weak = 0) of the HSHI, HSLI, LSHI, and LSLI conditions were 0.55 (SD = 0.09), 0.52 (SD = 0.11), 0.57 (SD = 0.09), and 0.50 (SD = 0.09), respectively. The main effects of imageability and the "sociality × imageability" interaction on relatedness were significant (imageability: F 1,19 = 9.25, P = 0.007, high > low; interaction: F 1,19 = 6.78, P = 0.019), but the main effect of sociality was not (F 1,19 < 1).
Task-fMRI Results
The results of the main analysis of the fMRI data are shown in Table 2 . Bilateral ASTS, DMPFC, PC/precuneus, AG, MTG and right superior temporal gyrus (STG) showed the sociality effect (high-sociality verb > low-sociality verb) and no region showed a reverse pattern (Fig. 1A) . Bilateral PC/precuneus, VMTC, SFG/ MFG, IFG, AG, middle occipital gyrus (MOG), MTG, inferior temporal gyrus (ITG), and left middle cingulate gyrus showed the imageability effect (high-imageability verb > low-imageability verb) and no region showed the reverse effect (high-imageability verb < low-imageability verb) (Fig. 1B) . Interaction of sociality and imageability was observed in the left ASTS (Fig. 1C) . Inspection of the response pattern of this region (bar plots in Fig. 1C) showed that the activation level of the brain region for the HSHI verbs was high (beta = 4.99) and the activation level for the other 3 types of verbs was low and approximately the same (HSLI: beta = 1.71; LSHI: beta = 1.42; LSLI: beta = 1.59). For all except one cluster (the cluster showing imageability effect in left middle cingulate gyrus) reported above, the significance of their peak voxels survived the voxelwise FWE correction, indicating that the observed activations were reliable.
The distributions of the 2 main effects and their overlaps are shown in the top panel of Figure 1D . The conjunction analysis of the 2 main effects (high-sociality verb > low-sociality verb; high-imageability verb > low-imageability verb) found 2 significant clusters in bilateral AG/MTG (cluster sizes: 122 voxels in the left AG/MTG, 109 voxels in the right AG/MTG). A small cluster (cluster sizes: 19 voxels) in the left PC/precuneus also showed the conjunction effect but did not reach the clustersize threshold. Considering that the group-level conjunction effect may result from individual differences in distributions of the sociality and imageability effects despite no conjunction effect in any single participant, we further inspected the conjunction effect at the individual level. A lenient threshold (uncorrected individual voxel threshold P < 0.01, cluster size ≥ 10 voxels) was chosen to explore how many participants had the trend toward showing the conjunction effect in bilateral AG/MTG. The conjunction effect was observed in about half of our participants (11/19 participants in the left AG/MTG and in 7/19 participants in the right AG/MTG; see the middle and bottom panels of Fig. 1D for the results of 2 representative participants), indicating that the group-level conjunction effect should not merely be a reflection of individual differences in the distributions of the 2 single effects. However, the fact that the conjunction effect was observed only in half of the participants also indicated that there might be considerable individual variability in the strength or existence of the conjunction effect, which must be considered with caution and should be investigated in future studies.
The results of supplementary analysis that did not include RT as a nuisance covariate are highly consistent with those of the main analysis, except that additional reverse imageability effect (high-imageability verb < low-imageability verb) was observed in the left premotor cortex, IFG, and anterior temporal lobe (ATL) (see Supplementary Fig. 1 ). Such an effect could also be observed in the results of the main analysis if an uncorrected threshold (P < 0.001, cluster size = 10 voxels) was used. The reverse imageability effect is consistent with findings in the literature (Binder et al. 2009; Wang et al. 2010) but is beyond the scope of the present study, so it is not discussed further.
Follow-up Analyses: Exploring the Network Properties of the Brain Regions Showing Sociality and Imageability Effects
Do the Brain Regions Showing Sociality Effect Overlap with the Classic ToM Network?
The classic ToM network was defined by using a false-belief localizer (Dodell-Feder et al. 2011 Supplementary Figure 2 . The belief stories evoked stronger activation than the photo stories in all classic components of the ToM network and in bilateral MFG, IFG, caudate, and right occipital lobe. The photo stories evoked stronger activation than the belief stories in bilateral MFG. The brain regions showing significant "belief > photo" effect were defined as a mask. For each cluster showing sociality effect in the main experiment, we calculated the proportion of its voxels that overlap with the mask. All clusters have their majority of voxels overlapping with the mask (left ASTS: 88%; right ASTS: 88%; DMPFC: 99%; PC/precuneus: 89%; left AG/MTG: 97%; right AG/MTG/STG: 87%), indicating that these clusters largely correspond to classical ToM network.
Does the Dissociation Between Sociality and Imageability Clusters
Follow the Divides Between the 7 Intrinsic Large-Scale Brain Networks? For each cluster showing sociality or imageability effect in our main task, we calculated the numbers of voxels that overlap with the templates of the 7 intrinsic brain networks (Yeo et al. 2011) . Following Yeo et al. (2011) , the 7 networks were named as visual, somatomotor, dorsal attention, ventral attention, limbic, frontoparietal, and default mode networks, respectively. As shown in Table 3 , all sociality clusters were mainly distributed in the default-mode network and their overlaps with the other networks were all small. The imageability clusters, although partially overlapped with the dorsal attention network, the frontoparietal network, and the visual network, were also mainly distributed in the default-mode network. Therefore, the dissociation between sociality and imageability clusters largely reflects functional heterogeneity in the default-mode network.
The ROI-Based RSFC Analysis We conducted ROI-based RSFC analysis to further investigate whether the association and dissociation of the brain regions showing sociality and imageability effects are related to their intrinsic functional connectivity properties. As shown in Figure 2 , Note. The labels of "HS," "LS," "HI," and "LI" represent high-sociality, low-sociality, high-imageability, and low-imageability, respectively. The false positive rate was controlled at α < 0.05 (with the individual voxel threshold probability setting of P < 0.001) using a Monte Carlo simulation program implemented in DPABI V2.1. The anatomical regions were identified by using the automated anatomical labeling template (Tzourio-Mazoyer et al. 2002) .
all sociality-ROIs showed strong RSFC to each other. However, for the imageability-ROIs, strong RSFC was only observed between connector imageability-ROIs, between connector imageabilityROIs and some provincial ROIs, and between the provincial ROIs that were bihemispherically symmetric. We further conducted 2 statistical comparisons to investigate the RSFC pattern across the ROIs. In the first set of comparisons, we compared the average RSFC within a group of ROIs (sociality or imageability) with the average RSFC across the 2 groups. We found that the average RSFC within the sociality-ROIs was significantly stronger than the average RSFC across the 2 groups (mean Fisher-transformed correlation the main effect of imageability (warm color indicates stronger activation to high-imageability verbs than to low-imageability verbs), (C) the interaction effect of sociality and imageability, and (D) the overlap and dissociation of the 2 main effects. The false positive rate was controlled at α < 0.05 (with individual voxel threshold probability setting of P < 0.001) using a Monte Carlo simulation program implemented in DPABI V2.1.
Therefore, the dissociation between the brain regions showing sociality and imageability effects can only be partially explained by their intrinsic functional connectivity differences.
In the second set of comparisons, we investigated whether the dissociation between the adjacent connector ROIs (i.e., ROIs in the AG/MTG and PC/precuneus) of different groups is related Table 3 . The distributions of sociality and imageability clusters in the 7 intrinsic large-scale brain networks (Yeo et al. 2011) Contrast Anatomical region of the peak voxel of the cluster Note. The labels of "HS," "LS," "HI," and "LI" represent high-sociality, low-sociality, high-imageability, and low-imageability, respectively. The anatomical regions were identified by using the automated anatomical labeling template (Tzourio-Mazoyer et al. 2002) . Figure 2 . The matrix of ROI-to-ROI RSFC. The clusters showing sociality and imageability effects in the task-fMRI results were defined as ROIs. The ROIs were further classified into 4 groups: the sociality-and imageability-ROIs that partially overlapped each other were classified as "connector sociality-ROIs" and "connector imageability-ROIs"; the other sociality-and imageability-ROIs were classified as "provincial sociality-ROIs" and "provincial imageability-ROIs". The matrix presented the average RSFC between each pair of ROIs across subjects.
to their intrinsic functional connectivity to the provincial ROIs (i.e., ROIs outside the AG/MTG and PC/precuneus). We found that the provincial sociality-ROIs showed stronger RSFC to connector sociality-ROIs than to connector imageability- 
Discussion
To explore the neural substrates that process and integrate social and sensory-motor semantic attributes, we investigated the brain activities associated with the sociality and imageability of verbs in an fMRI experiment. The effects of both factors and their interaction were observed within the multimodal cortical semantic network. In addition, conjunction of the 2 main effects was observed in the bilateral AG/MTG. The sociality effect observed in the present study replicated the findings of our previous study (Lin et al. 2015) : highsociality verbs evoked stronger activation than low-sociality verbs in the PC/precuneus, AG/MTG/STG, DMPFC, and ASTS. This finding demonstrated that the observed sociality effect in word semantic processing is not a reflection of the confounding effect of imageability. In addition, the social and private action verbs used in Lin et al. (2015) largely corresponded to the highsociality verbs used in the present study, all of which refer to human physical actions. The present study further indicated that a similar sociality effect on brain activation also exists in the processing of low-imageability verbs, which mainly refer to mental events.
The imageability effects observed in the present study replicated the findings of previous studies using nouns as stimuli (Jessen et al. 2000; Binder et al. 2005; Sabsevitz et al. 2005; Fliessbach et al. 2006; Graves et al. 2010 ): high-imageability words evoked stronger activation than low-imageability words in the PC/precuneus, AG/MOG/MTG, VMTC, and SFG/MFG. Therefore, these brain regions support not only the sensory-motor semantic information of nouns, but also that of verbs. These results indicated that the lack of consistent findings on the imageability effect in previous studies could have resulted from uncontrolled confounding factors (see also Vigliocco et al. 2014) . Given that the observed imageability and sociality effects partially overlapped each other, we propose that the sociality should be carefully controlled when investigating the imageability effect.
We conducted 3 follow-up analyses to explore the network properties of the brain regions showing sociality and imageability effects. In the first analysis, we found that the brain regions showing sociality effect highly overlap with the classic ToM network. This finding confirmed our hypothesis that the ToM network supports the processing of social semantic information of verbs (Lin et al. 2015) and is consistent with the view that the ToM network is a subsystem of the semantic network (Caramazza and Mahon 2006; Binder et al. 2016; Huth et al. 2016) .
In the second analysis, we found that the brain regions showing sociality effect and those showing imageability effect were both mainly distributed in the default-mode network. This finding is consistent with the view that the default-mode network plays an important role in semantic processing (Binder et al. 2009 ). The dissociation of the 2 groups of brain regions does not follow the divides of the 7 intrinsic large-scale brain networks reported by Yeo et al. (2011) and thus cannot be attributed to the functional differences between them.
In the third analysis, we conducted ROI-based RSFC analysis to further explore the intrinsic functional connectivity properties of the brain regions showing sociality and imageability effects. The 2 groups of brain regions showed distinct RSFC characteristics: all sociality clusters had strong connectivity to each other; however, the imageability clusters connected with each other mainly through the AG/MTG and PC/precuneus and through the connectivity between the bihemispherically symmetric regions. We also found that the dissociation between the adjacent sociality and imageability clusters in the AG/MTG and PC/precuneus can be explained by their RSFC to the other sociality and imageability clusters. This finding was consistent with the view that the functions of a brain region depend in part on its intrinsic functional connectivity to the other brain regions (Mahon et al. 2007; Cole et al. 2016) .
Our results have also revealed 2 types of connectors between these 2 subnetworks, with one type showing conjunction of the sociality and imageability effects and the other type showing interaction of the 2 effects. We observed the conjunction effect in bilateral AG/MTG. This conjunction effect can be explained by the hypothesis that the semantic network contains hierarchical convergence zones to process different types of semantic information (Damasio 1989; Fernandino et al. 2016) : the regions showing a single effect (sociality or imageability) may serve as relatively lowlevel convergence zones processing a particular type (social or sensory-motor) of semantic information, whereas the regions showing both effects may serve as high-level convergence zones, which process both types of semantic information.
The conjunction of sociality and imageability effects in bilateral AG also provides new insights into the question of whether the AG activation in semantic tasks reflects semantic or nonsemantic processes. Although accumulating evidence has suggested that the AG activation reflects the semantic contents of stimuli (Fairhall and Caramazza 2013; Fernandino et al. 2015 Fernandino et al. , 2016a Fernandino et al. , 2016b Huth et al. 2016 ), a recent study (Humphreys et al. 2015 ) provided evidence that the activation level of AG might be explained by RT and thus might reflect nonsemantic processes sensitive to task difficulty. Although the present and previous studies Graves et al. 2010 ) have tried to remove the effect of RT in data analysis, it remains possible that the RT effect cannot be fully controlled by current modeling methods (Grinband et al. 2008 ). In our results, the directions of RT effects associated with the sociality and imageability effects were reversed: the average RT of the high-sociality trials was significantly longer than that of the low-sociality trials; the average RT of the high-imageability trials was significantly shorter than that of the low-imageability trials. Given that the 2 reverse directions of RT effects should never overlap with each other, the observed conjunction effect indicated that the AG activation during semantic processing cannot be fully explained by RT.
The interaction effect of sociality and imageability was observed in the left ASTS. Although the left ATL has been proposed to be important for semantic representation (Patterson et al. 2007 ) and integration (Bemis and Pylkkanen 2011; Zhang and Pylkkanen 2015) , the specific role of the left ASTS in semantic processing remains unclear. In the present study, its activation level for the HSHI verbs was high and its activation level for the other 3 types of verbs was low and approximately the same (Fig. 1C) . In other words, its activation level was high only when both the social and sensory-motor semantic attributes were rich and were combined tightly in a single concept. Therefore, we propose that this region represents associations between social and sensory-motor semantic attributes but not these attributes per se.
Finally, our task activation results converge with the findings of a previous study based on RSFC analysis (Xu et al. 2016) . Xu et al. (2016) dissociated the multimodal semantic network into 3 subnetworks based on the RSFC data. Two of these subnetworks largely correspond to brain regions showing social and sensory-motor effects in the present study. In addition, their analysis also implicated the AG and ASTS as connectors between the 2 subnetworks. Therefore, convergent findings from the present study provide important clues for the cognitive functions of the subnetworks and their connectors reported in Xu et al. (2016) . However, it should be noted that the multimodal semantic network may process not only social and sensory-motor semantic information but also other types of semantic information. Therefore, the function of the brain regions observed in the present study may not be limited to processing social and sensory-motor semantics.
In conclusion, we found that the semantic network contains 2 subnetworks that process social and sensory-motor semantic information, respectively. These 2 subnetworks have overlaps in the bilateral AG/MTG (and perhaps in the PC/precuneus), which may serve as a high-level convergence zone to process both types of semantic information. The left ASTS showed interaction between social and sensory-motor semantics and may selectively represent associations between social and sensory-motor semantic attributes. Thus, our findings revealed fine subdivisions of the multimodal cortical semantic network to process and integrate social and sensory-motor semantic information.
